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Ultrasonic diagnostics is among the most widely used techniques
for the detection of cracks in concrete structures. Historically, the
propagation of ultrasonic pulses was considered first [1] and the
determination of the pulse velocity is a standard in concrete testing
[2]. Recent advances in ultrasonic testing rely on a more complete
understanding of the dispersion of waves and scattering resulting
into attenuation and diffusion [3], or on the analysis of back-
scattered waves [4]. In addition, ultrasonic techniques may comple-
ment other non-destructive testing methods such as electrical
resistivity measurements, capacimetry or thermography (see e.g.
Ref. [5]) in order to provide a better cartography of the current
state of damage of a concrete structure. The purpose of this paper is
to investigate the feasibility of another type of ultrasonic method
based on the time reversal technique (described in detail by Fink
[6,7]).
Time reversed acoustics is based on the invariance of the solution
to the wave equation when time is reversed: in an elastic isotropic1solid, without attenuation, the displacement field Yu resulting from
wave propagation is the solution of the following equation:
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whereYr and t are the space and time variables, λ and μ are the Lamé
coefficients, and ρ is the mass density. Time derivatives of the second
order appear only. Hence, the invariance of the solution to the wave
equation, when time is reversed is verified as follows: if Yu Yr; t
 
is a
solution of this equation, thenYu Yr; − t
 
and by extensionYu Yr; T − t
 
(if the propagation is of limited duration T, which is often the case in
practice) are also solutions of this equation. If losses of energyareweak
in the consideredmaterial, signals emitted from a source and detected,
can be re-emitted to their source after having been time reversed. As in
classical optics, this reversibility ensures that the waves converge in a
synchronized way to the original source, re-creating the initial signal.
In theory, the proper re-creation of the initial signal relies on elastic
properties. However, material heterogeneity will result into a more
complex wave propagation process, with multiple reflections and
refraction. Still, if the linearity of the wave propagation process is
preserved, the heterogeneities of the material are without importance
on the reversibility. Therefore the method fits very well to strongly
Fig. 1. Preliminary tests configuration— position of the source sensor and of the mirror.heterogeneous materials such as concrete. The limitation of the time
reversal principle is the possible non linear effects such as attenuation
which may also be influenced by wave dispersion. Taking into account
the inevitable dissipation and attenuation, the initial signal is not
completely recovered. The convergence to the original source location,
also known as focusing, and the recomposition of the original signal
are not perfect. The focused signal is then characterized, for instance,
by themaxima in amplitude and energyandby its frequency spectrum.
In theory, the signal has to be detected in all directions from the
source (over the entire surface of the specimen) in order to be optimally
re-created after time reversal. In practice, this is not feasible, and the
signal after emission from the source is detected only over a limited area
of the boundary of the specimen, called a time reversal mirror. The
mirror consists in a network of transducers and electronic devices
capable of recording signals, and re-emitting them in the opposite
direction. This appealingpossibility of detecting signals on a limited area
of the specimen, and still beingable to focus on the initial source location
upon re-emission, is related to works carried out on reverberating
cavities [7,9]. The time reversal technique does not take into account
only the signals propagating directly from the source to the detectors
(and in the opposite direction). Detection on sensors networksmay also
include, in addition to direct waves, the waves coming from all the
reflections that can occur for the signal generated by the source. These
additional waves are also recorded at the surface of the specimen:
upon time reversal they improve the focusing drastically. The more
reflected waves the recorded signal contains, the better the resolution
during focusing [8]. As a consequence of the multiple reflections, the
acoustic waves detected are signals with a random distribution of
amplitude, called codas. Draeger and Fink [9] have observed such codasFig. 2. Examples of signals used for the focusing tests; a) signal recorded on the top sensor o
reemitted by the top sensor of the mirror.
2in silicon wafers, and they have shown that time reversal is possible in
such specimensusingonly one source sensor and onemirror sensor, due
to the improvement of the temporal information of the signal by the
multiple reflections. The time reversal procedure can also be iterated. It
provides, in the case of multiple sources or targets, a selective focusing
on the most reflective source. A method, called DORT (French acronym
for decomposition of the time reversal operator), has been developed in
order to do this numerically [10].
The variety of applications of the time reversal technique is large.
Among the most common applications, we can quote the detection of
defects in materials, possibly coupled with imaging techniques [11–13].
Others applications are beingdeveloped in themedicalfield for imaging,
tumour detection, and destruction of stones in kidneys [14–16]. Further
developments deal for instance with underwater communication
techniques [7]. The time reversal principle has never been used for the
detection of cracks in concrete or cementitious specimens and this is the
aim of this paper. Section 2 presents the principle of the non-destructive
investigation technique and the instrumentation. Section 3 reports
preliminary focusing tests aimed at investigating its sensitivity on a
specific material: an ultra high performance cementitious material.
Section 4discusses the detectionof cracking andhealing in thismaterial.
2. Principle and instrumentation
One aspect of time reversal is to be able to propagate waves in the
reverse direction and to synchronize them on the original source
location in order to reconstruct the original signal. This focusing is
influenced by the changes which can occur in the specimen between
the time of the initial emission of the signals and the time of re-
emission after time reversal. The variation of focusing is an indicator of
the presence of defects in the monitored specimen.
The methodology consists in three phases. The first one is the
emission in the specimen of a controlled wave. The locationwhere the
wave is emitted is in the region where cracking and damage are
expected. It is at this location that focusing will be analyzed later on.
The corresponding signal is recorded by the acousticmirror. The signal
content is the incidentwave and themultiple reflectedwaves from the
boundaries (and heterogeneities) of the specimen. This signal is time-
reversed in order to be re-emitted. If the material properties in the
specimen do not change, upon re-emission of the signal, the same
focusing process will occur each time at the location where the signal
was emitted initially. If the material properties evolve, a variation of
the focused signal is expected and it is this drift of the focused signal
which will serve as an indicator of damage. Note that there may be
several regions monitored simultaneously in a given structure; thef the mirror after emission by the source sensors, b) signal time reversed and amplified,
Fig. 4. Amplitude of the signal detected after time reversal and reemission, as a function
of the position with respect to the source location (related to Fig. 3).procedure is repeated for each zone where damage is monitored.
There are several locations fromwhich the wave is emitted and where
the signal recorded by the acoustic mirror is focused. One may use
several acoustic mirrors, each one placed nearby a monitored location
or a single acoustic mirror if the wave attenuation is not important.
An important issue in the development of this non-destructive
technique is the specification of transducers. Generally, for time reversal
applications, transducers used are ultrasound ones. The same sensors
are used both for emission and recording and good capabilities are
required for the sensors in order to do that. The sensors used for this
study are piezoelectric with a diameter of 10mm(type SOMAXIS). They
have a resonance frequency at 1 MHz, but they are broadband with a
high sensibility between 0 and 50 MHz. These sensors have been used
for pulse generation, for periodic recording and for the acoustic mirrors.
The acoustic mirror comprises 4 sensors and a time reversal system
with4 channels able to record, to reverse and to send signals. The signals
are acquired with a system designed for acoustic emission applications
[17]. It allows recording of arbitrary signals (whatever the duration,
amplitude, energy…) digitized with a chosen sampling rate. The signals
are recorded in a synchronized way, in the sense that recording begins
for all the transducers when a single sensor is excited. Moreover, the
system permits the extraction of useful signal characteristics (ampli-
tude, energy, duration…). The incoming signals, after being recorded by
the four transducers are digitized, time-reversed (first in–last out),
amplified if needed, and stored. Then, they are ready to be re-emitted
by the sensors. For the re-emission, the system comprises waveforms
generation cards which are capable of emitting any kind of signal. The
four generation cards are synchronized to an external trigger (a pulse
generator in this case), and the four signals are send simultaneously by
the four sensors of the mirror.
3. Focusing tests in anultra highperformance cementitiousmaterial
The first stepwas to carry out a very simple focusing test in order to
ensure the feasibility of the method. These tests have been performed
on an ultra high performance cementitious material (UHPC) dis-
tributed by Lafarge called “Ductal”. It is characterized by a lowwater to
cement ratio (w/c ratio), close to 0.2. The composition of this UHPC
includes cement, silica fume, sand (maximum aggregate size 2 mm),
water and superplasticizer, but no coarse gravel. This is the same
material as in the experimental programme reported by Granger et al.
[17]. We have a quite homogeneous material, with an attenuation
lower than that of ordinary concrete. These characteristics have been
chosen for the sake of simplicity, in order to avoid some potentialFig. 3.Numbering of the different positions of focusing analysis from the original source
position (related to Fig. 1).
3complications. Attenuation should degrade the focusing of the signal
with less energy and a decrease of amplitude. Since our purpose is to
record the drifting with time in the focusing of the signal, this may not
be very important, but still it may result into a loss of accuracy, with
smaller relative variations of amplitude. Application to ordinary
concrete will be the subject of further studies, after tests on UHPC
which is almost an ideal material have proven the efficiency of the
method. Since the technique relies on the reversibility of acoustic
waves, the heterogeneity should not be a major difficulty when
applying it to a material that contains larger aggregates in a more
porous matrix. Attenuation should be the main issue that will arise for
ordinary concretes. Its influence on the quality of focusing and on the
subsequent drifts of focusing due to material damage remains to be
evaluated (also in the case of reinforced concrete where a degradation
of the steel–concrete bond may have an influence too).
The focusing tests have been performed on prismatic specimens,
with dimensions of 50×100×500 mm3. The principle of these tests is
based on thework carried out by Draeger and Fink [9] on reverberating
cavities. As can be seen in Fig. 1, the UHPC specimenwas instrumented
with 5 sensors, able to send and recordwaves,which are coupled to the
specimenwith a silicone glue. A single sensorwas placed on one face of
the specimen and acts as the original wave source. The four others are
placed together on the opposite face and represent the acousticmirror.
The first step consists in emitting a signal from the source sensor,
and then recording the signals detected on the time reversal mirror.
These detected signals are time-reversed and then amplified. The
signal emitted by the original source is a pulse of duration 0.5 μs. TheFig. 5. Energy of the signal detected after time reversal and reemission, as a function of
the position with respect to the source location (related to Fig. 3).
Fig. 6. Three points bending test configuration.detected signals are recorded on the mirror in a synchronized way,
with a sequence of 15,000 points and a frequency of 5 MHz for each
signal, which corresponds to durations of 3000 μs. Amplification is
performed in order to overcome some attenuation processes (due to
the sensors and their coupling to the specimen especially) during the
reemission of the signals in the second step of the experimental
procedure. The four time-reversed signals are amplified in the same
way, so as to keep their same relative value. Here, the amplitudes of
each signal are multiplied by 20, in order to reach the maximumvalue
that can be sent by the signal generation cards. An example of the
signal detected on one sensor of themirror is presented in Fig. 2, along
with the corresponding time reversed and amplified signal. The final
step of the tests is then the reemission of the time reversed signals in
the specimen, in a synchronizedway. The focusing of the signal is then
analyzed at the original source location and nearby with a sensor that
is moved in order to scan the surface of the specimen.
Fig. 3 represents the positions where focusing is analyzed
horizontally and vertically from the original source. Fig. 4 displays
the amplitude of the signal which has been detected after time
reversal and re-emission, as a function of the position of detection. The
maximum of amplitude detected is for the original position of the
sensor where the focusing is optimum. The amplitude is divided by
more than 1.5 at a distance of 5 mm from the original source, and by
more than 3 at 15 mm from the source. Fig. 5 presents the energy of
the focused signal as a function of the distance from the source.
Ideally, if the size of the sensors would be negligible, the signal should
focus at the source location only and no signal should be recorded
elsewhere. Here, some signal can be recorded nearby the source
location but the amplitude and energy are small. Considering that the
diameters of the sensors are 10 mm, we may conclude that theFig. 7. Time reversal instrumentation during the mechanical test; a) sensor nearby th
4focusing is narrow, consistent with the instrumentation capabilities.
Upon a change of material properties near the source location, the
focusing is expected to degrade, i.e. reduce signal amplitude and
energy. Note that it is the size of the focusing zone thatmay increase in
tests on ordinary concrete, due to attenuation and wave dispersion.
This, in turn, should yield a smaller variation of the amplitude and
energy, and difficulties in the detection of relative variations with
time if they are too small.
4. Monitoring of cracking andhealing in an ultra high performance
cementitious material
The UHPC used for this work is characterized by a very low w/c
ratio. This implies a large amount of unhydrated cement in the
hardened microstructure (50 to 60% [18]) which can contribute to self
healing of potential cracks [19–21]. A previous study performed on this
UHPC has shown that cracks can heal when specimens are totally
immersed inwater [17], even in the first days andweeks of immersion.
We have used the time reversal method to monitor the cracking
process and the potential healing.
Prismatic specimens with dimensions of 50×100×500 mm3 have
beenused. Thefirst stepof the test is the crack initiation andpropagation,
and its monitoring. The concrete specimen is loaded under three points
bending. A notch of depth 20 mm and thickness 1.5 mm is pre-formed
in the specimen by placing a PMMA plate in themould. The mechanical
test is crack mouth opening displacement (CMOD) controlled with a
constant rate of 0.05 μm/s. The CMOD sensor is placed between two
steel plates stuck on each side of the notch on the bottom face of the
specimen (see Fig. 6).
The objective is to achieve controlled cracking of the specimen and
to evaluate the consequences of crack propagation on the focusing of a
signal generated before cracking. For the time reversal method, the
principle depicted in the previous section is kept. The acoustic set-up
is similar to the one used for the previous focusing tests. The source
sensor is placed on the expected crack path due to the notch. It could
have been placed nearby, with the same result since the crack tip does
not reach the sensor during the test. During the propagation of the
crack, the focusing of the acoustic signal on this location should be
affected by the crack propagation and the diffuse damage surrounding
the crack. The test set-up is depicted in Fig. 7.
4.1. Monitoring during cracking
The first step consists in emitting a signal with the sensor placed on
the expected crack path, before the mechanical load is applied. The
signals detected by the mirror are then time reversed, amplified ande expected crack path, b) time reversal mirror on the other face of the specimen.
Fig. 8.Mechanical test result and the different steps of focusing tests during the cracking
process.
Fig. 9. Signal recorded on the source sensor after time reversal and reemission, at steps
1, 4, and 6 (see Fig. 8).
Fig. 10. Evolution of the energy and amplitude of the focusing signals detected at the
different states after time reversal during the cracking process (see Fig. 8).
5stored for further re-emission in the specimen as in the initial focusing
tests (see Section 3). The signal detected at the source location by the
sensor after re-emission, without damage, is kept as the reference.
During the mechanical tests, the stored signals are re-emitted
periodically, at different states of crack propagation. The signal
(amplitude, energy and frequency spectrum) at the source location is
recorded, analyzed and compared to the reference. It is the recomposi-
tion at the source location of the signal recorded initially by the acoustic
mirror that is compared to the reference. Note that during cracking and
healing, the five sensors stay coupled to the specimen in order to avoid
bias due to a possible imperfect coupling between the sensors and the
specimen.
Fig. 8 presents the result of the mechanical test associated with the
experiment. The curve displays the crack opening versus the applied
load. Cracking is performed in the post peak regime. The residual crack
opening after unloading (which is also crack opening controlled,
with the same absolute rate as loading) is close to 20 μm. On this
figure, the different steps where time reversal monitoring is performed
are denoted as 1 to 6. During the monitoring (typically 5 min), the
mechanical test is temporarily stopped to a constant crack openinganda
very slight relaxation occurs. Fig. 9 shows signals that have been
recorded on the source location after time reversal, at different cracking
steps. The first one, in Fig. 9a, is the reference one, while the specimen is
undamaged. The two others (Fig. 9b,c) correspond to damaged states,
respectively points 4 and 6 in Fig. 8. The evolution of the signal with the
propagation of the crack is already significant. Initially, we observe anFig. 11. Frequency spectrum of the focusing signals detected at the different states after
time reversal during the healing process.
Fig. 12. Evolution of the energy and amplitude of the focusing signals detected at the
different states after time reversal during the cracking and healing processes.amplitude close to 60mV, but by step 6 this amplitude has been divided
bymore than 6. Amore illustrative analysis is provided on the evolution
of the energy and of the amplitude of the signal (Fig. 10). On this figure,
the x-axis represents the different steps, as mentioned in Fig. 8. So we
have a very significant decrease of the amplitude and of energy of the
signal upon crack propagation.
4.2. Monitoring during healing
After this cracking phase, and according to the methodology
presented in Ref. [17], the specimen is totally immersed in tap water in
order for the crack to heal. Sensors are protected during immersion.
After 3 days and 15 days of healing, monitoring of the self healing was
performed.
Fig. 11 shows the evolution of the frequency spectrum of the signal
detected at the source location at the different states: steps 1 and 6 of
Fig. 6 (i.e. before cracking, and at the end of cracking), just after the
unloading of the concrete specimen (crack closing) and after 3 and
15 days of immersion in water. The reference spectrum is also
represented in the figure. The peaks on this figure corresponds to the
resonance frequency of the transducers. It is not the shape of the
spectrumwhich is of interest but rather its evolution with damage and
self healing. There is a decrease of amplitude upon microcracking and
then an increase of amplitude with the time of healing. Variations are
quite noticeable in the low frequency regime, below the resonance
frequency of the transducers. Fig. 12 presents the variations of energy
and of amplitude of the focused signal detected at the source location.
The cracking part is also reproduced, before healing. in this figure, step 7
corresponds to unloading and steps 8 and 9 correspond to 3 days and
15 days of healing respectively. After the decrease during cracking, it can
be clearly seen that the characteristics of the focused signal increase
again, suggesting crack healing. Self healing of themicrostructure inside
the crack for similar specimens was already observed in Ref. [17], on
mechanical and acoustic emission analyses. Cracking reduced the beam
stiffness to 14% of the initial one, and according to the experiments
presented inRef. [17], after 3 days of healing thebending stiffness should
reach 38% of the initial bending stiffness, and after 15 days, it should
reach 75% of the initial stiffness. The present method relies on wave
propagation and reversibility. Therefore it is expected to be sensitive to
the stiffness of the structure, but not necessarily to its strength. As
explained in Ref. [17], the strength was not increasing with the same
rate. This is probably due to the fact that hydration occurs between the
two crack faces, which is a different environment compared to the
original hydration, with a different resulting microstructure. The time
reversal technique or acoustic emission techniques cannot resolve the
difference between the original microstructure and the microstructure
of the same material after healing.65. Conclusion
A novel non-destructive technique based on time reversal of
acoustic waves has been investigated for the indirect monitoring of
cracking and damage. It is based on the focusing of a signal emitted
initially in the structure, whose drift can be considered as a damage
indicator. It has been applied to an ultra high performance concrete,
which has the particularity to have a low attenuation, and to have
capacities of self healing.
Preliminary tests have been conducted in order to exhibit the
focusing of the signal upon time reversal in uncracked specimens. The
results show that a signal can be resent to its source after having been
recorded, time reversed, amplified and re-emitted in the material by
a time reversal mirror. The accuracy of the focusing is satisfactory
considering the size of the sensors.
A prismatic bending specimen has been instrumented with the
developed device, and cracking and healing were analyzed. In order to
do that, a sensorwasplacednear the expected crack path, defined by the
notch of the specimen submitted to bending. The signals at this sensor,
after time reversal, have been analyzed at different stages of cracking
and healing. The amplitude of the signal and its energy decrease upon
cracking and increase again upon crack healing. Comparisons with
mechanical test data show that the method is sensitive to the variation
of stiffness of the structure due to crack propagation and crack healing.
Promising results have been obtained but it is clear that the drift of
the focused signal as a function of material damage needs some
proper quantitative analysis and a detailed understanding. After that,
extensions to ordinary concrete and to reinforced concrete structure
might be considered. Attenuation should be the main difficulty that
may arise for ordinary concretes. In the case of reinforced concrete, the
degradation of the steel–concrete bond is an additional mechanism
and the capability of the time reversal technique to characterize
damage on this interface needs to be investigated.
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